Abstract. The reaction γp → pπ 0 η has been studied with the CBELSA detector at the tagged photon beam of the Bonn electron stretcher facility. The reaction shows contributions from ∆ + (1232)η, N (1535) + π 0 and pa0 (980) 
Introduction
The study of baryon resonances has found renewed interest as evidenced by new experimental facilities providing continuous photon beams like Jefferson Lab, SPring-8, MAMI at Mainz, and ELSA at Bonn. For nucleon resonances up to ≈ 1.7 GeV/c 2 , their abundance and most masses are reasonably well explained in quark models even though the models use very different assumptions on the nature of long-range quark-quark interactions, like effective gluon exchange [1] , instanton induced interactions [2] , or exchange of Goldstone bosons [3] . At higher masses, the models differ in important details of their predictions but agree in predicting the existence of many more states than
Correspondence to: klempt@hiskp.uni-bonn.de have been found experimentally. Diquark models [4] have a reduced number of degrees of freedom and expect fewer states [5, 6] . Models based on a conformal approximation of QCD exploit the correspondence [7] between string theories on an Anti-de-Sitter (AdS) space and gauge theories on its space-time boundary [8, 9] . Apparently, AdS/QCD predicts a smaller number of states [10] [11] [12] [13] but, to our knowledge, the problem of missing resonances, of resonances predicted in quark models but not in AdS/QCD, has not yet been discussed. Lattice gauge calculations aim at simulating full QCD; substantial progress has been achieved [14] , however, the calculations do not yet help to validate or reject specific quark models.
In the past, knowledge on nucleon resonances was derived mostly from partial wave analyses of elastic πN scattering experiments. This method exploits the coupling of resonances to the N π channel; resonances for which this coupling is weak are not detectable. The Particle Data Listings [15] teach us that at high pion momenta, above 2 GeV, high-spin states are formed while formation of high-mass states with low angular momenta seems to be suppressed. Due to this limitation, only few resonances are known so far. Even worse, the evidence for a large fraction of them has recently been questioned in a careful analysis [16] of a large body of N π elastic and charge-exchange scattering data.
The new facilities give access to photo-induced production of resonances; detectors with large solid angle allow one to study decays of resonances into complex final states. Thus N π is avoided in the entrance and in the exit channel. Quark model calculations [17] and first results [18, 19] seem to support our conjecture that in photoproduction, excitation of radially excited states might be preferred over excitations of high-angular momentum states.
In this paper we present a study of the reaction γp → pπ 0 η
for photon energies covering the resonance region from the pπ 0 η production threshold at W = 1.63 GeV/c 2 up to 2.5 GeV/c 2 . In this reaction, decays of ∆ resonances into ∆(1232)η can be studied: the η acts as an isospin filter and resonances decaying into ∆(1232)η must have isospin I = 3/2. For low photon energies phase space is limited, and ∆(1232) and η should be in a relative S-wave. We thus may expect a high sensitivity for baryon resonances with isospin I = 3/2 and spin J = 3/2 and negative parity. If such resonances decay into N π, they need L = 2 between N and π; resonances with these quantum numbers are characterized by L 2I,2J = D 33 . The lowest mass resonance with these quantum numbers is ∆(1700)D 33 . The possibility that it may couple to the ∆(1232)η channel was already discussed by Nefkens [20] ; his conjecture was confirmed recently by the GRAAL collaboration [21] . The aim of this paper is to report evidence for ∆ resonances above ∆(1700)D 33 , in particular for a J P = 3/2 ± parity doublet consisting of the two resonances ∆(1920)P 33 and ∆(1940)D 33 .
Experimental setup and data reconstruction
The experiment was carried out at the tagged photon beam of the ELectron Stretcher Accelerator ELSA at Bonn [22] , using the Crystal Barrel detector [23] . A short description of the experiment, data reconstruction and analysis methods can be found in a recent letter on 2π 0 photoproduction [24] ; further details are given in [25] . A schematic drawing of the experimental setup is shown in Fig. 1 . For the data presented here, ELSA delivered -via slow extraction -a continuous electron beam of 3.2 GeV. The electrons hit a radiator target of 0.003 X R (i.e. radiation length) thickness.
The energies of photons produced in the radiator target were tagged in energy by a measurement of the deflection angle of scattered electrons passing the field of a dipole magnet. For singly scattered electrons, the photon energy is E γ = E 0 − E e − . The tagging detector consisted of 2 Multi-Wire Proportional Chambers (MWPCs) and 14 plastic scintillator bars. The position resolution of the MWPCs determined the photon energy resolution of 0.5 MeV at the highest E γ and 30 MeV at the lowest E γ , whereas the scintillation counters enabled fast timing. The energy calibration of the tagger was performed by direct injection of the electron beam.
The photon beam hit a liquid H 2 target (length: l = 52.84 mm, diameter: d = 30 mm); charged reaction products were detected in an inner three-layer scintillatingfiber detector surrounding the target and positioned at mean radii of 5.81 cm, 6.17 cm and 6.45 cm, respectively. The 2 mm fibers are partly bent to helical shapes (−25
• , +25
• , 0
• from the inner to the outer layer) to provide an unambiguous impact point when a charged particle crosses the detector [26] .
The Crystal-Barrel calorimeter consisted of 1380 16-radiation-length CsI(Tl) crystals. The crystals are of trapezoidal shape and point to the center of the target; they provide an excellent photon detection efficiency and a high granularity. The setup covered about 98% of 4π (full φ coverage, 12
• ≤ θ ≤ 168 • ). Its large solid-angle coverage allowed for reconstruction of multi-photon final states.
The first-level trigger was derived from a coincidence between the tagging system and the fiber detector. In the second-level trigger, a FAst Cluster Encoder (FACE) based on cellular logic, provided the number of charged and neutral particles detected in the Crystal Barrel. Data were taken triggering on events with two (partly three) or more particles in the cluster logic. A segmented totalabsorption oilČerenkov counter determined the total photon flux.
Events due to reaction (1) were selected by requiring five clusters of energy deposits in the Crystal Barrel calorimeter. One of the clusters was required to match with the charged particle emerging from the liquid H 2 target and hitting the scintillation fiber detector. The latter cluster was identified as proton, the other four as photons. The proton and the four photons were assumed to be produced in the target center. More details on event reconstruction can be found in [25] .
These events were subjected to a kinematic fit to the γp → p4γ hypothesis imposing energy and momentum conservation. The distribution of the γγ invariant mass of one pair against the second pair of surviving events (with 6 entries per event) is shown in Fig. 2 , left panel. Then, the γp → p π 0 γγ hypothesis was tested and events with a confidence level (c.l.) exceeding 10% were retained. In a next step, events compatible at a c.l. >1% with the γp → p 2π 0 hypothesis were rejected. The resulting γγ invariant mass of the second photon-pair is shown in Fig. 2 , right panel. These events passed a final kinematic fit to the γp → p π 0 η hypothesis requiring a probability exceeding 1%. The final event sample contains 17469 events due to reaction (1) and 910 background events. Events which are likely due to the background are identified (and subtracted) by selecting those 910 events which are closest in phase space to the events falling into the η side bins (380-440 MeV/c 2 ; 640-700 MeV/c 2 ).
3 Mass and angular distributions 
, p (f) with respect to the incoming photon in the center-of-mass-system (cms); in (g) the angle between the η and π 0 in the pη rest frame, in (h) the angle between π 0 and η in the pπ 0 rest frame, and in (i), the angle between π 0 and p in the π 0 η rest frame. Dalitz plots are dominated by ∆(1232)η; at high energies, the N (1535)π intermediate state is observed. Under these kinematical conditions, the two contributions populate different kinematical regions and can be separated easily. The early onset of ∆(1232)η is, at the first glance, surprising since the threshold for ∆(1232)η is higher than for N (1535)π production. Within the partial wave analysis this is explained by contributions from ∆(1700)D 33 and ∆(1600)P 33 . The two resonances can be produced by an electric or magnetic dipole transition (and higher-order transitions), respectively, and decay in ∆(1232)η via Sor P-wave while decays into N (1535)π require P-and Dwaves.
Three different 2-body invariant masses can be formed in reaction (1), the pη, pπ 0 , and π 0 η mass distributions. They are shown in Fig. 4 for three ranges of photon energies. The distributions undergo significant changes when the photon energy is varied. In the threshold region, (1.7 ≤ W ≤ 1.9 GeV/c 2 ), the pπ 0 invariant mass distribution (Fig. 4b) suggests a significant ∆(1232) contribution (a presumption confirmed in the partial wave analysis), the pη (Fig. 4a ) and π 0 η (Fig. 4c ) mass distributions show no significant structures. In the 1.9 to 2.1 GeV/c 2 mass region, ∆(1232)η is still significant, a small pη threshold effect is observed (Fig. 4d) . Above 2.1 GeV/c 2 , N (1535)π -with N (1535) decaying into N η -becomes visible (Fig.  4g) . At these energies, N (1535) production is significant and comparable in intensity to the ∆(1232). In the π 0 η mass distribution, a peak is observed at 1 GeV/c 2 ( Fig.   4i ) which we assign to the pa 0 (980) intermediate state.
Mass projections for the full data set and some angular distributions are presented in Fig. 5 . The P 33 and D 33 partial wave contribution are also shown. We now turn to the discussion of a few specific angular distributions. In the threshold region for pπ 0 η photoproduction we may expect S-and P -waves to dominate the decay mode. S-wave decays into ∆(1232)η require D 33 quantum numbers which can be reached by an electric dipole transitions; magnetic dipole transitions lead to P 33 quantum numbers for which P -wave decays into ∆(1232)η are possible. If one of the two amplitudes prevails, we may expect an isotropic angular distribution for the recoiling pion. In case of both amplitudes being present, S-P interference leads to a linear increase with cos θ η , a distribution which is clearly contributing to the data (Fig. 6a) .
At the largest photon energies, a peak due to a 0 (980) production can be identified in the πη invariant mass distribution. In Fig. 6b the a 0 (980) angular distribution with respect to the photon beam is presented (after side bin subtraction). The a 0 (980) signal region is defined by 0.96 < M πη < 1.04 GeV/c 2 , the sidebins with 0.88 < M πη < 0.96 and 1.04 < M πη < 1.12 are subtracted with weight 1/2. The side bin subtraction suffers from the large a 0 (980) width, hence the distribution must be viewed with some precaution. However, it agrees reasonably well with the PWA result and the subtraction is justified a posteriori.
Surprisingly, a 0 (980) is not mostly produced in forward direction as might be expected if the main a 0 (980) produc-tion mechanism would have been vector-meson exchange in the t-channel (exploiting a a 0 (980) → γ ρ/ω coupling). A significant fraction of the a 0 (980) signal seems to stem from the decay of high-mass resonances. This suspicion is supported by the partial wave analysis. Fig. 6c and d show ∆(1232) → pπ 0 decay angular distributions which should reflect the spin J = 3/2 + quantum numbers of ∆(1232). The π 0 angular distribution from ∆ decays is shown as pion emission angle with respect to the ∆ flight direction (helicity frame, Fig. 6c ), or with respect to the photon beam direction (GodfreyJackson frame, Fig. 6d ). The photon energy is restricted to W < 1.9 GeV/c 2 . The distributions are essentially flat (preventing a straightforward identification of the ∆(1232) spin) indicating that ∆(1232) are likely not produced by one helicity amplitude only and in a single reaction chain. Explicit expressions for typical angular distributions are given elsewhere [28] .
Partial wave analysis 4.1 The method
The qualitative findings discussed in the previous section are confirmed in a partial wave analysis (PWA). The formalism is documented in [27] [28] [29] . In addition to the data presented here, data on photoproduction of single pions, η's, and of Λ and Σ hyperons are included as well as some important partial-wave amplitudes for πN elastic scattering. References to the data, an outline of the PWA method and the definition of total likelihood and likelihood contributions can be found in [30] . The different data sets entered with appropriately chosen weights w i ; the weights vary from 1 (for data which should be reproduced qualitatively) to 30 (for low-statistics data like polarization data which we insist to be well reproduced in the fits). The weights are given in Table 4 of [30] . The weights are chosen to ensure that there is good qualitative agreement between data and fit even for low-statistics data which otherwise may be dominated by the influence of high-statistics data. The mean weight is w = 4.2. For this data, w γp→p π 0 η = 10 was chosen; (much) smaller weights lead to discrepancies between fit and this data, higher weights deteriorate the fits elsewhere. We minimized a pseudo-log-likelihood function ln L tot defined as a sum of the log-likelihoods of fits to γp → π 0 π 0 and γp → π 0 η, and of the χ 2 /2 contributions of all data given in the form of histograms.
The γp → p π 0 π 0 and γp → p π 0 η data are fitted using an event-based maximum likelihood method which takes into account the full correlations between all variables in the 5-dimensional phase space. New data on the beam asymmetry Σ for γp → p π 0 η [31] were included in the partial wave analysis. Since the prediction for Σ were already close to the data [32] , the new data on Σ did not change the PWA results.
As a starting point, we used the set of resonances of [30] and added resonances in the partial waves listed in The quality of the final PWA fit to the data is shown in Fig. 4 and 5. In the latter figure, the full statistics integrated over the full energy range is shown; the agreement between data and fit result is very convincing and equally good when mass slices are selected or other variables are plotted. It has to be remembered that a likelihood fit uses the full kinematics of each event and that neither the Dalitz plots (Fig. 3) nor the projections (Fig. 4) are fitted.
Isospin considerations
Some resonances, even though known to exist, cannot be reasonably included in the partial wave analysis, for technical reasons. We need e.g. a J P = 1/2 + resonance at about 1900 MeV/c 2 . A N (1880)P 11 resonance (formerly called N (1840) by us [19] ) is required to describe the two reactions γp → Λ K + and γp → Σ K + (which define the isospin of contributing resonances). Both, N (1880)P 11 and ∆(1910)P 31 , can decay into N (1535)π and/or pa 0 (980), and there is no information in these two decay modes to decide on the isospin. Hence both might be present. The ∆(1910)P 31 might decay into ∆(1232)η but this is not observed. Thus there is evidence for N (1880)P 11 and no direct evidence for an additional ∆(1910)P 31 . However, a ∆(1910)P 31 might nevertheless exist and contribute to pπ 0 η if it couples to N (1535)π and/or pa 0 (980) but not to Σ K + and ∆(1232)η (or only with a weak coupling). In such a case (which admittedly is a bit constructed but not forbidden by any selection rule), ∆(1910)P 31 decays Total cross sections for γp → p π 0 η. In both panels, our data are represented by • with error bars; the solid curves represents our PWA fit. Comparison to other data and two decompositions of the total cross sections are shown in two subfigures. a) Our data compared to data from Nakabayashi et al. [33] . Curve 1 shows the cross section for γp → ∆(1232) η, curve 2 that for N (1535)π, and curve 3 that for γp → p a0(980). These cross sections are not corrected for unseen decay modes. b) open circles: Ajaka et al. [21] . Partial wave decomposition of the cross section into the D33 (curve 4) and the P33 partial wave (curve 5).
into pπ 0 η are discarded. The reason for this is that introduction of two close-by resonances in one final state having different isospin but otherwise identical quantum numbers leads very often to very large amplitudes for both resonances and destructive interference.
The N (2200)P 13 was introduced, too, in [19] . Here, it is found to contribute significantly to p π 0 η but not to ∆(1232)η. Hence we assume it to belong to the familiy of nucleon resonances, and do no include a further ∆(2200)P 33 . For the same reason we do not allow N (1875)D 13 to decay into N (1535)π and/or pa 0 (980); in the 3/2 − partial wave, the intensity in pπ 0 η is assigned to ∆(1940)D 33 . The isospin I = 3/2 is identified from the ∆η decay mode. Contributions from I = 1/2 to N (1535)π and/or pa 0 (980) are possible but are not considered here because of limitations of the data base. A separation of two isospin contributions would require a second isospin channel, e.g., the study of γp → nπ + η.
The total cross section
The final fit required contributions to the p → pπ 0 η final state from eight resonances; these are listed in Table 2 . Two of them do not couple to ∆(1232)η and are inter- preted as nucleon resonances. The N (1880) could be the missing P 11 resonance forming, jointly with N (1900)P 13 , N (2000)F 15 , N (1990)F 17 , a super-multiplet with (dominantly) L=2, S=3/2. The N (2200)P 13 might be a N (1900)P 13 radial excitation. In Fig. 7 the total cross section is displayed. The points with errors give the acceptance-corrected results of the measurement and their statistical and systematic errors but not the ±15% systematic error assigned to the photonflux normalization. The solid curve shows the result of the partial wave analysis (PWA). The total cross section reaches the maximum of 4 µb in the 2 GeV/c 2 region and then decreases slowly to 3 µb. In the threshold region, our cross section is fully compatible with results obtained at Sendai [33] . The cross section determined by GRAAL [21] falls systematically below our values but the difference is covered by the 15% normalization error.
The acceptance is calculated using Monte Carlo techniques. The full apparatus is simulated using GEANT3. Detection and reconstruction efficiency, probabilities for split-offs for photons and charged particles, confidence level distributions for the different kinematical fits for real data and Monte Carlo data were compared carefully. The detector is well understood by the Monte Carlo simulation [25] . The mean acceptance for the p4γ final state is 15-20% but the acceptance vanishes for forward protons escaping through the forward hole in the detector. Hence a proper extrapolation of the four-dimensional event distribution into the uncovered region of the detector is essential.
For this purpose, phase space distributed events due reaction (1) were simulated according to the photon flux. These events were weighted with the PWA solution. The resulting event sample represents the 'true' physics, in the limit that data and partial wave analysis are correct. The curves in Figures 6 and 7 are calculated as Monte Carlo integral over this (weighted) event sample. The detection efficiency for the data is obtained from the ratio of reconstructed and generated events of the weighted Monte Carlo event sample.
The systematic error comprises the error in the reconstruction efficiency (5.7%) and a few small errors (≈ 1%) due to uncertainties in target position and profile of the photon beam, and the extrapolation of the intensity distribution into blind regions of the detector (mainly for forward protons). The latter uncertainty is estimated to about 5% by using different PWA solutions giving acceptable descriptions of the data. These errors are added in quadrature and included in Fig. 7 . The largest error stems from the uncertainty in the photon flux: the normalization derived from a comparison of the π 0 photoproduction cross section with SAID (see [25] ). The normalization error of ±15% is not included.
The excitation functions for the three intermediate states ∆(1232)η, N (1535)π, and pa 0 (980), deduced from the partial wave analysis, are shown in Fig. 7a . The ∆(1232)η makes the most significant contribution to the total cross section; at threshold, it dominates the reaction. It reaches a peak height just below 2 GeV/c 2 . The N (1535)π intermediate state exhibits a structure at 1.9 GeV/c 2 (due to the N (1880)P 11 ) and a second bump at 2.2 GeV/c 2 which we interpret as N (2200)P 13 . With increasing mass, pa 0 (980) gains a notable intensity. The excitation functions shown in Fig. 7 represent the best solution. It should be stressed that these contributions are qualitative; the numerical values differ significantly for different fits, much more than the pole positions of the contribution resonances. The errors in the excitation functions can be, in particular at high energies, as large as 30%.
Resonances contributing to pπ 0 η
In a first approach, we used Breit-Wigner resonances for less important waves while S 11 , P 11 , P 13 , P 33 , and D 33 were described within the K-matrix/P-vector approach [30] . For these waves, elastic πN scattering amplitudes from [16] were included in these fits. For the two waves P 33 and D 33 discussed here, a satisfactory description was obtained with a 6-channel (N π, ∆(1232)π (S, D-waves for D 33 and P, F -waves for P 33 ), ∆(1232)η, N (1535)π, N a 0 (980)) 3-pole parameterization. Parameterizations of the S 11 , P 11 , and P 13 amplitudes are given in [29] , those for P 33 and D 33 are presented in Tables 3 and 4 . All eight resonances are required to get a good fit. Table 5 lists the resonances used in the final fits (column 1 and 2), their pole positions (column 3) and their decay modes leading to the pπ 0 η final states (column 4). The fractional contributions (adding up to 100% of the integrated pπ 0 η cross section) are listed in column 5, while columns 6 and 7 give the likelihood change, for the total data set and for the data presented here, respectively, when a resonance is assumed not to couple to pπ 0 η. α from resonance (i) to the decay mode α are given in GeV, the helicities A in GeV Table 4 . Properties of the D33 K-matrix poles. [16] and our fit. The P33 shows the distinct phase motion for ∆(1232); a second resonance at 1600 MeV/c 2 is difficult to see, and there is no sign for a third resonance. Likewise, there is a rapid phase motion at 1700 MeV/c 2 in the D33 but no sign for any resonance above it. Table 5 . Resonances contributing to γp → p πη, their pole positions and decay modes, and change of likelihood when resonance couplings to N πη are reduced to zero. A change in likelihood by 50 corresponds to a χ 2 change of 25 or to a statistical significance of 5 σ.
Name
Wave Pole (MeV/c 2 ) Decay modes 
by adding a third D 33 state. Its mass optimized at about 2.35 GeV/c 2 and a width in the 400-600 MeV/c 2 range. Its mass is close to the end of the available phase space. An upper bound for its mass is not well defined; hence we do not claim that this state exists.
When an additional N (2000)D 13 resonance decaying into N (1535)π and N a 0 (980) was introduced, strong interference between the two amplitudes was observed which increases the systematical errors of the PWA results. A precise mass determination of the ∆(1940)D 33 will hence require separation of the two isotopic resonances, e.g. by measurements of γN → nπ + η. This ambiguity affects of course the branching ratios as well.
We assign the absence of ∆(1920)P 33 and ∆(1940)D 33 in the phase shift analysis of Arndt et al. [16] to their weak couplings to the N π channel. To check if our data are consistent with elastic scattering amplitudes, we included these amplitude in the fit. The result is shown in Fig. 8 : the existence of the two resonances is not in conflict with elastic scattering. Fig. 3e shows a structure in the pπ 0 invariant mass at about 1.5 GeV (while Fig. 3f would suggest a higher mass). We tested the possibility that the structure signals contributions from γp → N (1520)η or γp → ∆(1600)η. Both attempts yielded marginal improvements in likelihood and contributions of about 0.5%. The PWA interprets the structure as interference between pa 0 (980) and N (1535)π.
To check the stability of the solution we added, one by one, new resonances to the analysis. Adding a resonance with S 31 or G 37 quantum numbers returned masses at the end of the phase space, very broad widths, negligible fractional contributions and marginal improvements in likelihood. For a D 35 wave, stable fit results were obtained with M ≈ 2150 MeV, Γ ≈ 160 MeV, and a 1% fractional contribution. The improvement of the likelihood was marginal, ≤ 10. Adding a fourth pole to the D 33 wave, reproduced the T-matrix pole position reported above and created an additional pole in the region of 2 GeV/c 2 . However the statistical evidence for this was again marginal, likelihood changed by ≤ 10. The present data do not support the need to introduce additional resonances. We tried to improve the fits by adding decays of ∆(2360)D 33 into ∆(1600)P 33 η or N (2200)P 13 → N (1710)η. The statistical significance for these transition was weak, and the fractional contribution to the data stayed below 0.5%. The left plot gives the change of the total likelihood, the right plot the change of the likelihood contribution from γp → pπ 0 η, from this data and from beam asymmetry data [31] . The minimum (reference) value is at about -280 000 (a) and -6 000, respectively. 
Scans
In a second analysis we replaced, alternatively, the P 33 or D 33 partial wave by a sum of a K-matrix for the energy region below 1.85 GeV/c 2 and a relativistic Breit-Wigner (BW ) amplitude describing the higher-mass region. The mass of the P 33 Breit-Wigner state was found to be 1995± 50 MeV and the width 380 ± 60 MeV. The BW mass of the second D 33 resonance was found to be 1970 ± 50 MeV and the width 350 ± 70 MeV.
The findings can be visualized in scans showing the changes of − ln L tot obtained in the fit where the mass of a resonance under study is changed in steps and fixed while all other variables are allowed to vary freely. In Fig. 9 , the P 33 amplitude is described by three BW resonances, ∆(1232), ∆(1600) and a third resonance the mass of which is scanned. The mass of this third resonance was scanned from 1.85 to 2.5 GeV/c 2 and its width fixed to 350 MeV/c 2 . Fig. 9 (left) shows the change in total likelihood, Fig. 9 (right) the likelihood chance for the data on γp → pπ 0 η. A clear minimum -which we identify with ∆(1920)P 33 -is observed in both cases; the data on γp → pπ 0 η have a preference for a somewhat higher mass. In Fig. 10 , a second D 33 resonance is added to ∆(1700). Again, the mass scan covered the 1.85 to 2.5 GeV/c 2 region, and the width was fixed to 350 MeV/c 2 . Wide minima are observed in the 1900-2020 MeV/c 2 region. The D 33 wave shows a second minimum at about 2.4 GeV/c 2 , in agreement with the fits described above. The first minimum is interpreted as evidence for ∆(1940)D 33 , the second one may indicate contributions from a higher mass resonance in this partial wave. Table 6 summarizes our results. The Breit-Wigner masses and widths and the pole positions are mostly compatible with Review of Particle Properties (RPP) [15] . Most decay branching ratios are reported here for the first time. They are calculated as ratio of partial decay width and total width at the position of the Breit-Wigner mass. The best known states in Table 6 are ∆(1600)P 33 , ∆(1700)D 33 , and ∆(1920)P 33 , all 3-star or 4-star resonances in [15] . The high rating does however not correspond to a good agreement in resonance properties derived in different analyses. In Table 7 we compare our pole positions with those of Höhler et al. [34] , Cutkosky et al. [35] , and Arndt et al. [16] . It is of course extremely intriguing that three out of five of them were not observed in the most recent analysis [16] . The ∆(1600)P 33 K-matrix coupling to ∆η and N (1535)π are sizable (see Table 3 ); when the pole is approximated by a Breit-Wigner resonance, its couplings to these two channels become very small due to phase space ∆(2360)D33 2320 ± 60 500 ± 100 2310 ± 60 640 ± 120 10 ± 4 60 ± 20 7 ± 4 9 ± 4 ≈ 20 ≈ 40
PWA results
a The partial width at the Breit-Wigner mass vanishes due to phase space arguments. The integrated contribution is in the order of a few %. limitations. The K-matrix pole and the Breit-Wigner mass differ considerably; this fact renders a definition of the helicity couplings difficult and we refrain from giving numbers. The ∆(1920)P 33 is the third resonance in this partial wave, after the well-known ∆(1232) and the Roper-like ∆(1600)P 33 . ∆(1920)P 33 was observed in several analyses including those of Höhler et al. [34] and Cutkosky et al. [35] in elastic πN scattering data, and by Manley et al. [37] in a combined analysis of πN elastic scattering and pion induced double-pion production who found M =2057±110, Γ =460±320 MeV/c 2 . In RPP [15] it is ranked as 3-star resonance. In the analysis by Arndt et al. [16] , ∆(1920)P 33 was not found. ∆(1600)P 33 is observed in all four analyses of Table 7 ; in [19] , it was not needed to get a good description of the data taken into account at that time.
The ∆(1940)D 33 state has only one star in the RPP classification. It was observed by Cutkosky et al. [35] in elastic πN scattering data with mass M =1940±100 MeV/c In addition, several partial decay branching ratios have been determined. These provide first insight into an old question on how the mass of high-lying parent resonances is dissipated, into high-momenta of the daughter particles, into high-mass mesons or into high-mass daughter baryon resonances. The results suggest that high-mass parent baryons seem to take advantage of all allowed decay modes, including intermediate meson and baryon resonances even at rather high masses. The situation resembles NN annihilation [38, 39] : in this process, the production of high-mass mesons is preferred in comparison to production of low-mass mesons even though the phase space is of course larger for the latter reaction. Likewise, there seems to be no preference for the kinematically favored N π decay mode.
Summary and conclusions
We have reported a study of the photoproduction process γp → pπ 0 η at the Electron Stretcher Apparatus ELSA at Bonn. About 16 000 pπ 0 η events were extracted above a small background. For small photon energies, the cross section for the reaction agrees with previous results from Sendai and Graal. In this energy region, the process is dominated by the ∆(1232)η. At higher photon energies, a significant fraction of the process proceeds via the N (1535)η and some p a 0 (980) contribution is observed.
A partial wave analysis determines the resonant contributions. Two waves with P 33 and D 33 quantum numbers, with J P = 3/2 + and 3/2 − , dominate the reaction. We find evidence for two resonances ∆(1920)P 33 and ∆(1940)D 33 and indications for a further high-mass D 33 resonance. The evidence for the two states was already communicated in a letter publication [40] .
A detailed discussion of the role of ∆(1920)P 33 and ∆(1940)D 33 within the spectrum of ∆ resonances will be given elsewhere [41] . Here we just mention the main results. 35 and ∆(2200)G 37 a L = 3, S = 1/2 doublet. The mass of the triplet is rather low compared to quark model predictions [1, 2] while the ∆(2200)G 37 mass is perfectly compatible with the models.
2. The two resonances ∆(1920)P 33 and ∆(1940)D 33 form a parity doublet [42] . Parity doublets are of topical interests, we refer the reader to two recent reviews [44, 45] . In the latter review, there is a written request to search for the doublet reported here. The conjecture that the reason for the mass degeneracy is due to a restoration of chiral symmetry in high-mass baryon states falls of course outside of experimental observability, and the interpretation is controversially discussed [46] [47] [48] .
3. All masses in the ∆ spectrum are perfectly compatible with models based on AdS/QCD when confinement is modeled by a soft wall in the holographic variable [12] . The hard wall approximation [11] gives a good general survey but fails in important details.
